The B3LYP/6-311++G (d,p) 2+ (M = Mg or Ca) aquacations. Two series of ligands are studied: one with a phenyl ring directly bonded to the S interacting atoms and the other with a substituted ethylene (>C=C<) bonded to the two sulfide groups. These ligands present substituents with distinct induction and resonance electronic donor/acceptor effects. Fundamental characteristics, such as geometry, charges and energy of the complexed aquacations and isolated ligands, are analyzed and rationalized to correlate with the substituents effects and the metal-ligand affinity. The thermodynamic results, energy decomposition analysis (EDA) and natural bond order (NBO) show the chelate effect has an important contribution to complex stabilization and leading to an enhanced knowledge of the metal-dithiolene interaction and coordination affinity between the alkaline earth metals and sulfured ligands.
Introduction
The complexation of metal cations by 1,2-dithiolene ligands is an important research field of coordination and materials chemistry. [1] [2] [3] [4] Homoleptic dithiolene complexes are important precursors of molecular devices, 5 semiconductors for field-effect transistors, 6 near infrared (NIR) dyes for lasers, 7, 8 liquid crystal and non-linear optical devices, 9 ,10 electronic recording disks 11 and in olefin purification systems. 12 In the heteroleptic dithiolene complexes, the metal cation interacts with the dithiolate ligand and also with several other ligands, such as cyclopentadienyl, ortho-diimines and diphosphines. These molecules have multiple applications, such as models compounds of enzymes, 13 luminescent properties, 14 photo and thermo-solvatochromism, [15] [16] [17] catalyst for molecular hydrogen production 18 and dye-sensitized solar cell. 19 In addition, structural modifications on the ligands, such as the number of sulfur atoms, can change the crystalline arrangement of the system leading to new electronic, optical and magnetic properties. 20 The high thermal and photochemical stability and the intense absorptions near the infrared region are due to the combination of these ligands with the metal cations with enhanced orbital overlap. 21 The interaction between divalent metal cations and organic ligands was analyzed in a large number of studies. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] The interaction of alkaline earth metal cations with Oand N-coordinating ligands was quantified by binding energies, highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies and energy gap values as well as metal-ligand bond length, and ligand-to-metal electronic donation. It was seen that the O-coordinating ligands have the largest affinity for those cations. 22 Huang et al. 23 studied the structure, bonding nature, and stability of divalent and trivalent metal complexes with O-interacting ligands, where the principal parameter to measure the ligand's affinity for the metal cation was the Gibbs free energy of coordination. Ligands with neighboring electron donor groups have stronger interaction with the metallic center than ligands with electron withdrawing groups. Wolf and Hummel 24 have studied the interaction between dithiolene ligands (as maleonitrile-2,3-dithiolate, mnt) with alkaline earth cations. They reported that the ligands bind preferentially the sulfur and nitrogen atoms. The synthesis of dithiolene compounds complexed (cyclobutene-1,2-dithione-3,4-dithiolate) with alkaline earth metal cations was reported by Becher et al. 25, 26 They found that the dithiolene ligands bind strongly to the metallic center than the water molecule.
The interaction of the divalent metal cations (Co
2+
, Ni
, Cu 2+ ), from the water environment, with divalent ligands (2,4-dichlorophenoxyacetic acids, herbicides) was analyzed by Drzewiecka-Antonik et al. 27 It was noted that after the first and second ligand complexation the octahedral interaction geometry was maintained. Xia et al. 28 performed a theoretical investigation on electronic structures and stability of palladium and platinum complexes, and obtained structural parameters comparable with the experimental values. The natural bond order (NBO) analysis results showed that the metal-ligand bonding was predominantly ionic in nature and the electrostatic interaction was dominant, with strong donor-acceptor interactions. Plazinski 2+ . These authors determined the preferred binding trends for the coordination with each cation and the affinity order by the calculation of the Gibbs free energy change for the metal complexation. Tavassoli and Fattahi 30 analyzed the interaction between the Zn 2+ , Ca 2+ and Mg
with the histidine ligand. They concluded that the stronger interaction is with the softest transition metal cation due to the larger covalent component of the interaction, even though the electrostatic character is predominant. Yánez et al. 34 extensively studied the interaction of metal cations with O-, N-and S-coordinating ligands. [31] [32] [33] [34] Geometrical, electronic and energetic characteristics of the complexes and the isolated ligands were rationalized to explain metal-ligand affinity trends. It was found that the peripheral groups bonded to the anchoring atom that binds to the metal cation modulate the interaction strength. Pesonen et al. 35 performed a density functional theory (DFT) study of the interaction of mono-and bidentate ligands with metal cations, where the interaction with the bidentate ligands was stronger than that with monodentate ones. The size of the cation, its softness and the stabilization energy of ligand's chelation directly affected the coordination preferences. The octahedral arrangement was maintained around Mg 2+ and Ca 2+ in the first substitution reaction. In the metal-ligand interaction field, Despotovic 36 and Kowalsak-Baron 37 observed that the nature of the interaction was directly influenced by the charges on the interacting atoms, bond length and cation hardness as well as orbital overlap, HOMO-LUMO energy gap, according to NBO and energy decomposition analysis (EDA) results.
These previous studies analyzed geometrical, electronic and energetic parameters of the metal-ligand interaction to help understand the affinity of each class of molecule for the metal cation. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] With the same objective, here we employ the B3LYP functional 48 to analyze the affinity of the Mg 2+ and Ca 2+ aquacations for the dithiolene ligands and to rationalize it through correlations with parameters of fundamental chemistry. Moreover, the EDA, 49-51 NBO 52 and donor-acceptor analysis methods are employed to further elucidate the character of the metal-dithiolene coordination interactions.
Methodology
Geometry optimization and energy calculations were carried out using the hybrid B3LYP 53 functional and the 6-311++G(d,p) basis set, [54] [55] [56] [57] as implemented in the Gaussian 09 software. 58 Frequency calculations were performed to ensure each optimized structure is a genuine minimum on the potential energy surface and compute the thermochemistry results. The counterpoise procedure was used to calculate the basis set superposition error (BSSE). 59, 60 The B3LYP/6-311++G(d,p) method leads to results in agreement with higher level of theory ab initio calculations. 61, 62 The EDA calculations [49] [50] [51] were also performed using the B3LYP/6-311++G(d,p) method, as implemented in the GAMESS software. 63, 64 In the EDA procedure, the sum of the electrostatic (E Elec. ), polarization (E Pol. ), exchange (E XC. ), dispersion (E Disp. ) and Pauli repulsion (E Pauli ) components leads to the total interaction energy (E Tot. ). [49] [50] [51] The sum of the polarization and exchange components gives the covalent term. The NBO analysis was performed using the B3LYP/6-311++G(d,p) method as implemented in the FIREFLY (PC-GAMESS) 65, 66 software to obtain the percentage contribution of each resonance structure to the final hybrid molecule. We also computed the acid-base interaction between the aquacomplexes and the ligands using the second-order perturbation energy analysis.
Results and Discussion
Complexes and reactions studied Two series of dithiolate ligands are studied, one containing a phenyl ring directly bonded to the S interacting atoms (Figures 1a-1c) and the other containing a substituted ethylene group bonded to the two sulfide groups (Figures 1d-1g) . Experimental measurements show that the most common coordination number in water solutions for both the Mg 2+ and Ca 2+ cations is 6 with an octahedral arrangement. 69, 70 In this way, we analyze two substitution reactions for the Mg 2+ and Ca 2+ aquacations, according to equations 1 and 2, to determine the energy for substitution of water molecules by a bidentate dithiolene ligand, as shown in Figure 2 . Several studies report this methodology to determine the strength of binding of metal cations and ligands. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] 
The focus of this study is to rationalize the role of ligand structural modifications, as the insertion of electron donor, acceptor and aromatic groups, in the modulation of the metal-ligand interaction strength. Both EDA [49] [50] [51] and NBO analysis 52 methods are employed to elucidate important contributions to the stabilization of the complexes.
Ligand affinity
The geometries of the 14 calcium and 14 magnesium aquacomplexes were fully optimized using the B3LYP\6-311++G(d,p) method. Figures 3 and 4 show the Mg 2+ and Ca 2+ aquacomplexes after the first and second substitutions by the dithiolene ligand, respectively. We observe that the first ligand substitution did not change the coordination geometry around the metal cation, maintaining the octahedral arrangement, and yielding neutral complexes. However, the second ligand substitution promoted a distortion in the final aquacomplex geometry. We found three distinct coordination geometries for the disubstituted aquacomplexes: octahedral, distorted bipyramidal with trigonal base and tetrahedral. In the tetra and penta coordinated geometries, we observed a withdrawal of water molecules from the coordination sphere that migrate to form a second solvation shell. These water molecules continue to solvate the substituted metallic complex by electrostatic and hydrogen bond interactions with water molecules of the first coordination sphere and with the S atom. The largest distortion in the coordination sphere is obtained for the tetrahedral complex with
2− . Table 1 shows the symmetry of each final complex structure after the first and the second ligands substitution. In the second ligand substitution, the complexation of Mg 2+ with the 
2− aquacomplexes the tdt, bdt, tfd and mnt ligands maintains the coordination axis with an octahedral, arrangement. The interaction with the Cl 2 -bdt, mdt ligands present the bipyramidal final coordination geometry, whereas the edt the tetrahedral optimized geometry. As Ca 2+ has larger ionic radius (190 pm) than Mg 2+ (145 pm), 71 it can accommodate more electron density donated from the ligands, as evidenced from the larger number of complexes with octahedral and bipyramidal geometries, the two highest coordination numbers. Additionally, the repulsion between the ligands is larger in the Mg 2+ aquacomplexes than in the Ca 2+ derivatives due to the shorter M−L bonds. The affinity of each ligand for the metal cations was determined from the interaction enthalpy (∆H) and Gibbs free energy at 298 K (∆G) for the water exchange by one or two ligand molecules. The affinity results of the ligands for Mg 2+ and Ca 2+ are listed in Table 1 .
The analysis of Table 1 shows that all the interacting enthalpy values are negative indicating that the substitutions of water molecules for one and two dithiolene ligands are exothermic. Table 1 shows that the second ligand substitution presents less negative interaction enthalpy values than the first substitution by 292.10 and 276.09 kcal mol -1 for the Mg 2+ and the Ca 2+ complexes, respectively. In the first substitution, the aquacomplex is a dication that interacts strongly with a dianion, while in the second substitution the aquacomplex is a neutral specie that interacts with the dianion. In this way, in the first substitution the electrostatic stabilization energy is larger (interaction of two charged moieties) than in the second substitution (interaction of a neutral and a charged molecule), leading to more negative interaction enthalpy values. . This is related to the electrostatic stabilization energy of the interaction. As this bond is formed by a cation and an anion, the size of each specie must be strictly related with its strength. As Mg 2+ has a smaller ionic radius than Ca 2+ , its electrostatic stabilization energy is higher, leading to more negative interaction enthalpies and larger affinity.
In the second substitution by the dithiolene ligand, the trend is the opposite seen for the first substitution. complexes, respectively. We observe that the ΔH is larger for the first substitution than for the second substitution. This must be related to the charges on the metallic center of the complexes. In the first substitution, the charges on the metal cations are more positive than the ones in the second substitution. This enhances the affinity of the ligand by the cation and justifies the homogeneity of the results on the second ligand substitution. The analysis of the interaction enthalpy of each ligand for Mg 2+ and Ca 2+ shows similar behaviors that can be rationalized based on the resonance and induction electronic effects inherent to each ligand substituent. The ∆H values are negative showing the preference of the metal cation to coordinate with the dithiolene ligands instead of with water molecules. As previously shown in Figure 1 , there are two types of ligands: the double bond, containing the ethylenic disulfide functional group (Figures 1a-1c ) and the aromatic ligands (Figures 1d-1g ). In the first substitution of the aromatic series we note that the tdt and bdt ligands have similar affinity for the Mg 2+ (1.60 kcal mol -1 ) and the Ca 2+ (0.28 kcal mol -1 ) cations. This is probably due to the weak electron donation effect of the methyl group promoting a small enhancement of the charge on the ligand's interacting atom. The Cl 2 -bdt ligand has the most positive ∆H values of this series, showing the weakest 2+ and Ca 2+ cations, respectively. This is due to the inductive effect of the aromatic chloro substituents, that reduces the charge on the benzene ring and consequently on the S atoms, weakening the interaction magnitude. In the second ligand substitution, this trend is maintained for the Mg 2+ complexes, with the following interacting order bdt > tdt > Cl 2 -bdt. However, for the Ca 2+ complexes this trend is distinct (bdt > Cl 2 -bdt > tdt), maybe due to the different coordination spheres. The coordination geometry of the tdt and bdt is octahedral (6 ligand donation sites for the metal) and for the Cl 2 -bdt bipyramidal with trigonal base (5 donation sites, where the interaction is strengthened). The reduced coordination number of the metal center for the Cl 2 -bdt complex makes the cations more electrophilic, enhancing the interaction strength.
The affinity of the second series of ligands containing the ethylenic disulfide group (Figures 1d-1g ) for the metal cations is also modulated by the electronic nature of the substituent on the ligands. In the first ligand substitution, the interaction order strength is edt > mdt > tfd > mnt for both the Mg 2+ and Ca 2+ aquacations. The edt and mdt compounds are very similar in structure, differing by two methyl groups. The methyl groups have a weak inductive effect that slightly enhances the negative charge on the ethylene moiety and thus in the coordinating S atoms, strengthening the interaction. The interaction enthalpy difference between the edt and mnt ligands is 0.83 and 0.89 kcal mol -1 for the Mg 2+ and Ca 2+ complexes, respectively. The two compounds of this series that have the weakest interaction strength are the tfd and mnt, respectively, due to the strong electron acceptor substituents on the C=C bond. The tfd contains 3 F atoms that withdraw electron density from each of the coordinating S atoms by the inductive effect, decreasing the interaction enthalpy by 34.53 and 37.41 kcal mol -1 (comparing with the mdt ligand) for the Mg 2+ and Ca 2+ , respectively. The mnt has two CN substituents that also withdraw electron density, by the resonance effect, and reduce the interaction enthalpy by 45.91 and 51.19 kcal mol -1 (comparing with the mdt ligand) for the Mg 2+ and Ca 2+ , respectively. In the mnt ligand the entire π-electron system is conjugated with parallel orbitals, allowing strong electronic acceptance by the CN group, which leads to a less stable aqua complex. In the second ligand substitution, the interaction strength order for the Mg 2+ complexes is tfd > mdt > mnt > edt > bdt > Cl 2 -bdt. For the Ca 2+ cation the interaction order strength is bdt > mnt > tfd > Cl 2 -bdt > mdt > edt. It is interesting to observe that ligands with electron withdrawing groups (tfd, mnt) have the strongest interactions. This is probably due to the amount of negative charge that the Mg 2+ and Ca 2+ metal cations can receive to form the interactions. In the second substitution the metal aquacenter is neutral and does not tend to form interactions with predominant electrostatic character, being the covalent term also important to describe the bond. The electronic character analysis of the metalligand bond is discussed in the EDA part below.
The analysis of the ∆G values shows similar trends as the enthalpy strength order, for the two series of ligands and for the first and second ligand substitution. All more negative than) > edt (0.29 kcal mol -1 more negative than) > mdt. As previously seen for the enthalpy analysis, the modulation of these interactions is mainly due to the inductive and mesomeric electronic effects inherent to the substituents of the dithiolene ligands. These results are in agreement with the work performed by Ghiasi and Monajjemi 72 in the calculation of the affinity of alkaline earth metal cations with dithiolene ligands (cyclobutene-1,2-dithione-3,4-dithiolate) that also reports the substituent modulation. Table 1 also shows the values for the entropic (-T∆S) parameter for each complex. All entropic contributions are negative for the first and the second ligand substitutions of the Mg 2+ complexes. For the Ca 2+ complexes the (-T∆S) term is negative (second substitution reaction) or nearly zero (first substitution reaction). In the substitutions reactions (equations 1 and 2), the number of products is larger than the number of reactants, due to the coordination of the metal cation with a bidentate ligand and the release of two water molecules. This confirms the effect of the enhancement of the system disorder as expected for chelate ligands. Specifically, for the first ligand substitution, it is observed that the values for Mg 2+ complexes are 8.68 ± 2.13 kcal mol -1 more negative than those for the Ca 2+ complexes, while in the second substitution the values are almost the same (0.24 ± 1.08 kcal mol -1 ).
Chelate effect
The chelate effect arises from the entropic stabilization of complexes with polydentate ligands relative to analogous complexes in which the ligand is monodentate. Ligands that contain more than one anchor point to coordinate with a metal cation form chelate systems. The formation constants for the chelate formation reaction generally have high values due the stabilizing effect of the product. The chelate effect can be explained using the additional stabilization caused by the difficulty to break the complex. In a previous study 73 we quantified the stabilization energy for O-containing bidentate ligands with Ca
2+
. For dithiolenes, this phenomenon can be quantified in equation 3, by the calculation of half of the ΔH and ΔG values. In this case, we chose to evaluate the structure with bridged dithiolate ligands, considering this specie as a theoretical model. In this way, it was possible to calculate the substitution energy with the edt ligand like monodentate ligand. The results are listed in Table 2 .
The entropic contributions in Table 2 are positive, as the number of specie on both sides of equation 3 is the same. The -TΔS term changes from -7.09 (bidentate) to 2.78 (monodentate) and 1.71 (bidentate) to 3.92 kcal mol -1 (monodentate), for the Mg 2+ and Ca 2+ complexes, respectively, for the first substitution reaction. This shows that the bidentate coordination is substantially more favorable entropically. Also, the results in Table 2 show that the interaction of the edt ligand as a monodentate specie yields less negative ΔH and ΔG than those calculated for the bidentate type of ( Table 1) .
Energy decomposition analysis (EDA)
This procedure fragments the interaction energy (E Tot. ) between two moieties in the electrostatic (E Elec. ), polarization (E Pol. ), exchange (E XC. ), dispersion (E Disp. ) and Pauli repulsion (E Pauli ) terms. [49] [50] [51] and Ca 2+ aquacomplexes for the first and second ligand substitutions. The total interaction energy orders for the first and second substitutions are the same as these of the substitution enthalpy and Gibbs free energy. Therefore, the electronic nature of each substituent on the ligand molecule modulates this parameter, as discussed in the previous section. The total interaction energy is 112. 55 ) complexes. The metal-ligand interaction in the first ligand substitution is stronger than that in the second substitution because initially the metal is more electrophilic as it is surrounded only by neutral ligands and the entire complex is a dication. After the first substitution, the entire complex becomes neutral and the electrophilicity of the metal center is decreased due to the coordination with one anionic dithiolene ligand.
In the first ligand substitution, the electrostatic component of the interaction is the major one, with contribution of 72.81 ± 0. 55 specie, where the cation is surrounded by neutral ligands, whereas the second substitution occurs in the neutral complex [M(H 2 O) 4 L]. In the latter, the metal center has a weaker attraction for the second dithiolene ligand due to the interaction with the first dithiolene that largely neutralized its electronic charge, decreasing its electrophilicity.
In EDA, the covalent character is accounted by the sum of the polarization and exchange terms. The polarization is the main term of the covalent component representing 2+ and Ca 2+ complexes, respectively. Before the first dithiolene substitution, the metal center is only bound to neutral molecules with low orbital overlap. After the first dianion coordination, the metal-ligand distance decreases, enhancing the orbital overlap and leading to increased polarization term values. In the second substitution, besides the metal having a lower electrophilicity that weakens the interaction (and decreases the polarization term), the metal aquacomplex has higher electronic density that repulses the electronic cloud of the second dithiolene ligand, decreasing the coordination strength and lowering the polarization term. The dispersion (E Disp. ) term is the one with the smallest change, of less than 8 kcal mol -1 for both cations. The dispersion terms for the first ligand substitution are 3.14 ± 1.51 and 7.47 ± 1.85 kcal mol -1 more negative than for the second substitution in the Mg 2+ and Ca 2+ complexes. This is also related to the decrease of the electrophilicity and saturation of the electronic charge of the metal center. Table 3 also lists the variation of the Pauli repulsion term with each dithiolene ligand. The results show that the Pauli repulsion is larger for the aquacomplexes that have the strongest interaction with the ligands. This is probably due to larger electronic repulsion between the electron density of the ligand and the metal that may be enhanced as the M-S distance is shortened. We also note that the Cl 2 -bdt ligand has lower electrostatic and Pauli repulsion term values compared with the other phenyl dithiolene ligands. This is due to the inductive effect of electron density withdrawal discussed above. In the ethylenic dithiolene ligand series, the electronic nature of the substituent reveals the same behavior: the tfd and mnt ligands F and CN substituents have lower Pauli repulsion due to the weaker metal-ligand interaction and longer M-S bonds. Figure 6 shows a graph of the ionic and covalent terms of the dithiolene coordination, which gives a visual presentation of their magnitudes. aquacomplexes. Coordination is favored by maintaining of the covalent character that gradually becomes relevant, as observed in Figure 3 . However, it is evident that for the Mg 2+ complexes the covalent component is comparable to the ionic term, confirming the relevance of the electron donation effect in this coordination. For the Ca 2+ complexes, we found the ionic character more dominant in the metalligand interaction, with more than 50% contribution to the total metal-ligand interaction energy.
Geometrical, electronic and energetic parameters analysis
We observed that some geometrical (metal-ligand distance and chelation angle), electronic (charge on specific atoms) and energetic (softness) parameters of the complexed aquacations are strictly correlated with the metal-ligand bond strength. As the first metal-ligand substitution has a substantial ionic character, the distance between the charged atoms must be important in the modulation of the bond strength. A bibliographic review in the Cambridge Crystallography Data Centre (CCDC) database 74 2 ] complexes. It is important to note that there is an asymmetry in the Mg-S binding distances in the aquacomplex formed after the first ligand substitution, indicating that one of the dithiolene S atoms interacts stronger than the other. All the M-S distances for the Mg 2+ complexes are shorter than those of the Ca 2+ aquacomplexes. As the ligands are the same, the ionic radius of the metal center can justify this effect. As Ca 2+ has a larger ionic radius than Mg 2+ , the Ca 2+ complexes must have longer M-S bonds than the Mg 2+ aquacomplexes. After the second substitution, the variations of the M-S bond lengths are much smaller, showing more equivalent coordination. This may be related to the steric arrangement of the hydrogen atoms of the water molecules near the S atoms that could weaken the M-S interactions. In general, the bond lengths correlate with the sizes of the calcium and magnesium ions, where the Mg-S bond lengths are always shorter. Upon further examination of the results, we observe the influence of the substituent groups on the first ligand substitution reaction. The Mg complexes containing phenyl and ethylenic dithiolenes with electron-withdrawing groups, such as Cl 2 -bdt and tfd, have shorter Mg-S distances than those with electron-donating groups. As Cl 2 -bdt and tfd molecules have electron withdrawing substituents, they cause the reduction of the electronic repulsion between the ligands and the metal center allowing enhanced metal-ligand coordination. The smaller size of the magnesium aquacenter reduces even more the electronic repulsion, 71 being with the smallest metal-ligand distances. In the Ca 2+ complexes, we found an inverse trend as the larger metal center can better accommodate the bidentate ligands and will have larger metal-ligand distances.
In the second ligand substitution, we observe an alteration of the coordination sphere with fewer water molecules coordinated in some cases. Thus, in the Mg 2+ complexes, the phenyl dithiolenes favor tetrahedral geometry with shorter Mg-S distances for tdt and bdt ligands. In the Cl 2 -bdt complex, we found longer Mg-S bonds accommodating the octahedral coordination obtained was octahedral. This trend repeated for the ethylenic dithiolene complexes. Shorter bond distances are found in tetra-and pentacoordinated aquacomplexes (edt and mdt, respectively), whereas for the tfd and mnt ligands with inductive electron-withdrawing effect, the octahedral coordination is retained. For the Ca 2+ complexes, the variations in the coordination sphere followed the trend that less crowded coordination sphere favors a reduction in the bonding distance. 2− complexes. As expected through the analysis of the M-S bond lengths in Table 3 , we find that the larger S−M-S angles are observed for the Mg 2+ aquacomplexes. This can be justified due to the large electronic repulsion effect observed in the accommodation of the bulky atoms, such as sulfur. In the case of the Ca 2+ complexes, the chelation angle values are always smaller than for the Mg 2+ analogs, regardless of the number of ligands. Evaluation of the chelate angles variation as a function of the number of ligands shows that the angles are probably decreased to accommodate the larger electron density available at the S atoms. The chelate angle variation for the second ligand substitution is associated with the formation of tetrahedral complexes with a smaller number of ligands around the metal ions, as for edt, tdt and bdt ligands. Finally, by evaluating the influence of the ligand substituents we highlight the effect of electron-withdrawing groups, such as Cl and F for Cl 2 -bdt and tfd, decreasing the electron density on the S atoms and consequently decreasing the chelation angles.
The analysis of the charge distribution on the aquacomplexes is performed on the metal center to corroborate the observations discussed previously. Table 6 contains the Mulliken charges on the metal atoms. The results indicate that for the first ligands substitution the charge on Ca is twice as large as that on Mg. This may be associated with a larger concentration of charge on the larger Ca, justifying a possible more pronounced ionic character of the Ca-S interactions. This holds in part for the second substitution, where, on average, the charges are decreased for both metals, but with slightly larger values for the Ca center, indicating a probable increase in the covalent character of the metal-ligand interactions.
Lastly, we perform a comparative analysis of the softness of the complexes and ligands evaluated in this work based , respectively. After the substitution of the first dithiolene, we notice a decrease of the softness of the aquacomplexes compared to the pure ligands, evidencing the effect of the presence of the soft ligands on the hard hexaaquacations. In the second substitution, we observed an increase in softness in most cases with a probable effect on the change of the coordination compounds.
Natural bond order NBO analysis
The natural resonance theory (NRT) procedure 52 is employed to evaluate the resonance structures that have large contributions to the final hybrid of each dithiolene ligand. The NRT results are presented in Table 8 and interpreted based on Supplementary Information section (Table S2 ). The NRT analysis allows the evaluation of the statistical weight of the structures with larger electronic density on the S atoms in the final hybrid structure. In these results, we verify that the edt and mdt ligands have the largest percentage of structures with negative charge on the S atoms, indicating the presence of 3 free electron pairs. These ethylenic ligands have C=C group between the S atoms, which has larger contribution of structures with negative charge on the S atom to the final resonance hybrid than the ligands with the aromatic ring. In the ethylenic dithiolene series, we clearly observe that the presence of electron withdrawing groups (F and CN) decreases the contribution of resonance structures with negative charge on the S atom. This characterizes the coordination sites with two electron pairs and C=S bond. For phenyl dithiolene ligands, the effect of π-relocation increases the participation of structures with C=S bond, compared to the previous case, but significantly increases the relocation of the partial charges on the aromatic ring. In the case of the Cl 2 -bdt system, the structures with C=S bond (neutral S atom) contribute the most, evidencing the inductive effect of the Cl atoms. Table 9 lists the second-order perturbation energy results, which represents account for the donor-acceptor interactions between the bonding orbitals (S atoms as the Lewis base) and anti-bonding (metal ion as Lewis acid). The donor-acceptor energies are asymmetric in the first ligand substitution of the Mg 2+ aquacomplexes. This is justified by the effect of the electrostatic interaction between the H atoms of the water ligands and the S atoms of dithiolenes that weaken the Mg−S coordination, as previously discussed in the previous section. For the Ca 2+ complexes, (Table S1) remains in the same range for the magnesium mono-and disubstituted complexes. The geometry variations already discussed are also reflected in the hybridization results, with the participation of more than one S atom electron pairs with high p%.
Conclusions
The ability of bidentate ethylenic and phenyl dithiolene ligands to substitute water in the [Ca(H 2 O) 6 ] 2+ and [Mg(H 2 O) 6 ] 2+ in two substitution reaction steps is evaluated in terms of energetic and geometric parameters. Generally, the ethylenic dithiolene complexes have more negative enthalpy and Gibbs free energy values than the respective phenyl dithiolene complexes. The interaction enthalpy increase for ethylenic dithiolenes: mnt < tfd < edt < mdt for both Mg 2+ and Ca 2+ cations and for phenyl dithiolenes: Cl 2 -bdt < tdt < bdt for Mg 2+ and Cl 2 -bdt < bdt < tdt for the Ca 2+ cation. These orders are mainly determined by the electronic nature of the functional group. The optimized structures of the complexes have coordination numbers of 4 (tetrahedral), 5 (bipyramidal with trigonal base) and 6 (octahedral).
The EDA results show that dithiolene modulates the electrostatic contribution of the interaction stronger than the covalent term. The EDA method shows that the differences in the ability of the ligands to coordinate to the metal center are mainly reflected in the electrostatic component of the interaction energy, which is the major term for the first ligand substitution. In the second ligand substitution, the covalent term becomes as important as the ionic component for the stabilization of the complex. The exchange and dispersion components are almost constant for the series of ligands analyzed, while the Pauli repulsion varies within about one fourth of the variation range of the electrostatic interaction term. The metal-ligand bond lengths, chelation angles, charge on the metal center and the softness of the aquacomplexes are strictly correlated with the of metal-ligand coordination strength.
The NBO results indicate that the steric and electron-withdrawing effects of the atoms adjacent to the metal-ligand coordination modulate the bonding strength of the complexes as well as that the geometric parameters are in a good agreement with the NBO analysis. The donor-acceptor energy of the monosubstituted Mg 2+ complexes is larger than that of the respective Ca 2+ complexes, showing increased covalent stabilization. In the second substitution, this trend is maintained, but with a lower magnitude. The evaluation of the hybrid orbitals of S atoms reveals enhanced p character in the orbital contributing to M−L bonding, where the metal the metal center participates mainly with the s orbital. The computational results presented here are important for the rational design of dithiolene complexes for a wide range of advanced applications.
For all the complexes analyzed, the p character of the metal-ligand interacting orbital is the predominant. The computational results presented here are important for the rational design of dithiolene complexes for a wide range of 
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